 (Fig. 1) 
a b s t r a c t 24 Conformational changes of Klebsiella aerogenes urease apoprotein (UreABC) 3 induced upon binding of the 25 UreD and UreF accessory proteins were examined by a combination of flexibility analysis, mutagenesis, 26 and small-angle X-ray scattering (SAXS). ProFlex analysis of urease provided evidence that the major 27 domain of UreB can move in a hinge-like motion to account for prior chemical cross-linking results. Rigid- 28 ification of the UreB hinge region, accomplished through a G11P mutation, reduced the extent of urease 29 activation, in part by decreasing the nickel content of the mutant enzyme, and by sequestering a portion 30 of the urease apoprotein in a novel activation complex that includes all of the accessory proteins. SAXS 31 analyses of urease, (UreABC-UreD) 3 , and (UreABC-UreDF) 3 confirm that UreD and UreF bind near UreB 32 at the periphery of the (UreAC) 3 structure. This study supports an activation model in which a 33 domain-shifted UreB conformation in (UreABC-UreDF) 3 allows CO 2 and nickel ions to gain access to 34 the nascent active site. 35 Ó 2008 Elsevier Inc. All rights reserved. 36 37 38 Urease is a nickel-containing enzyme that hydrolyzes urea [1, 2] . 39 Crystallographic analyses of ureases from bacterial and plant 40 sources [3] [4] [5] [6] [7] reveal a basic trimeric structure with three active 41 sites, each composed of two nickel ions coordinated by a carboxyl- 42 ated Lys, four His and an Asp. Genetic and biochemical studies 43 carried out with plants, fungi, and bacteria (reviewed in [8] [9] [10] ) 44 have shown that additional genes encoding accessory proteins 45 are required for proper assembly of the urease metallocenter, with 46 the possible exception of that from Bacillus subtilis [11] . The current 47 model for urease metallocenter assembly ( Fig. 1 ) derives primarily 48 from studies involving expression of the Klebsiella aerogenes ureD-
49
ABCEFG gene cluster in Escherichia coli (reviewed in [8, 12] ). The ac-50 tive enzyme possesses three copies of each of three subunits (UreA, 51 UreB, and UreC of M r 11,086, 11,695, and 60,304, respectively) [13] . 52 Deletions within ureD, ureE, ureF, or ureG eliminate urease activity 53 due to production of the inactive (UreABC) 3 urease apoprotein 1 54 [14] . Expression of ureDABC produces (UreABC-UreD) 3 , with UreD 55 (M r 29,300) in complex with urease apoprotein [15] . Co-expression 56 of ureF (encoding a protein of M r 25,221) with ureDABC produces 57 (UreABC-UreDF) 3 [16] . The soluble protein UreG (M r 21,943) revers-58 ibly binds to (UreABC-UreDF) 3 forming (UreABC-UreDFG) 3 [17, 18] . 59 Urease activity is generated by incubating these complexes with 60 high concentrations of bicarbonate (to supply the CO 2 needed for 61 Lys carboxylation) and nickel ions, but the required levels of these 62 additives (100 mM and 100 lM, respectively) are not physiologically 63 relevant and only a portion of the proteins are activated [19, 20] . In 64 contrast, fully active urease is generated with only 100 lM bicarbon-65 ate and 20 lM nickel ions using (UreABC-UreDFG) 3 plus UreE (M r 66 17,558) and GTP [21] . UreE functions as a nickel-binding protein 67 [22, 23] that delivers the metal ion to (UreABC-UreDFG) 3 as GTP is 68 hydrolyzed [24] . Although UreE is often referred to as a metallochap-69 erone [25, 26] and UreDFG has been termed a urease-specific molec-70 ular chaperone [9] , the mechanism of urease metallocenter assembly 71 has remained obscure.
72
The near identity in structure of the (UreABC) 3 apoprotein [27] 73 and the nickel-containing holoenzyme [3] indicate that conforma-74 tional changes are required to introduce the metal ions and CO 2 75 into the deeply buried nascent active site. Chemical cross-linking 76 of (UreABC-UreDF) 3 [28] identified a cross-link between UreB 77 Lys76 and UreC Lys382 that provided evidence for a conforma- proteins. Finally, the overall shapes of (UreABC-UreD) 3 and 88 (UreABC-UreDF) 3 were examined by small-angle X-ray scattering 89 (SAXS) [29] 
Materials and methods

98
Protein purification 99 (UreABC-UreD) 3 , (UreABC-UreDF) 3 , and urease holoenzyme 100 were produced in E. coli DH5a carrying pKAUD2 [15] , E. coli 101 DH5a pKAUD2F+DureG [16] , or E. coli HMS174(DE3) carrying 102 pKK17 [25] and purified as previously described [30] [39] . Sample intensity patterns were collected for native urease,
170
(UreABC-UreD) 3 , and (UreABC-UreDF) 3 were averaged together to enable testing for time-dependent aerogenes UreA, UreB, and UreC urease subunits assemble into the (UreABC) 3 apoprotein (depicted simply as a trimeric species since UreA plus UreB or all three subunits are fused together in ureases from some sources). UreD, UreF, and UreG sequentially bind to form the (UreABC-UreD) 3 , (UreABC-UreDF) 3 , and (UreABC-UreDFG) 3 activation complexes. CO 2 adds to the active site Lys as Ni 2+ ions are delivered to (UreABC-UreDFG) 3 by the dimeric UreE metallochaperone in a process that requires GTP hydrolysis, with UreE and (UreDFG) 3 being released from the activated urease. angle from the incident beam, and k is the wavelength of the X-ray 189 radiation (1.542 Å).
190
Small-angle X-ray scattering analysis and modeling
191
Data were subjected to Guinier analysis [40] for the radius of 192 gyration, R g , and for the pair-distance distribution function P(r). UreB is anchored by six N-terminal residues that add to the edge 284 of a beta sheet in UreC (Fig. 2B and C, region 1) . A salt bridge and (Fig. 2B) . 297 Chemical modification results [28] indicate that UreB Lys76 and 298 UreC Lys382 can be cross-linked when in the (UreABC-UreDF) 3 
299
species. This requires bringing their side chains to within 10 Å, 300 although they are 50 Å apart in the urease crystal structure. Thus,
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No. of Pages 7, Model 5G quence in a plasmid containing the complete urease gene cluster.
334
The mutated plasmids were transformed into host E. coli cells, pharose chromatography (Fig. 4) . The highly purified urease ana- , and the very low activity complex containing mutant urease (lane 2) were examined by SDS-PAGE using a 13.5% acrylamide gel and stained with Coomassie brilliant blue. . I(q) curves derived from the scattering data for urease (j), (UreABC-UreD) 3 (s), and (UreABC-UreDF) 3 (N). The lines are the model fits to the data using the crystal structure of urease (PDB 1FWJ) (solid line), with UreB Gly11/Gly18 torsionally adjusted to allow cross-linking of UreB Lys76 to UreC Lys382 (dashed line), and UreB docked to UreAC from the crystal structure, allowing cross-linking of UreB Lys76 to UreC Lys382 (dotted line). The curves have been offset by a multiplicative factor for clarity. The inset plot shows the Guinier regions and fit lines for the three measured profiles. Again, the curves have been offset for clarity, and the region of data covered by the line indicates the range of data used for the fitting.
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447
The best UreB conformation 1 (torsionally adjusted) and UreB (UreABC-UreD) 3 , but not within (UreABC-UreDF) 3 , suggesting that 469 UreF partially masks UreD [16] . In addition, these results are con-470 sistent with cross-linking between UreF and UreB [28] . cross-link between these residues, as previously reported [28] . 479 The UreB G11P variant, which is likely to rigidify the hinge region, 480 was shown to lead to reduced levels of urease activation and lower Predicted positioning of UreD and UreF relative to the crystallographic structure of (UreABC) 3 , based on best-fit models to SAXS data. The best-fit models resulted in packing of UreD and UreF against UreB near a vertex of the (UreAC) 3 disk. A representative example is illustrated. UreA, UreB, and UreC are rendered in red, yellow, and green ribbons, respectively. UreD and UreF from SAXS results are rendered as solid ellipsoids colored purple and magenta, respectively. The noninterpenetrating volumes of the UreD and UreF ellipsoids accounts for the appropriate molecular weight of each subunit. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 6 . P(r) curves derived from the scattering data for urease (j), (UreABC-UreD) 3 (s), and (UreABC-UreDF) 3 (N). To simplify comparison, the curves have been scaled to have a value of 1.0 at the peak.
